In this study we propose a piezoelectric MEMS vibration energy harvester with the capability of oscillating at low (i.e., less than 200 Hz) resonant frequency. The mechanical structure of the proposed harvester is comprised of a doubly clamped cantilever with a serpentine pattern associated with several discrete masses. In order to obtain the optimal physical aspects of the harvester and speed up the design process, we have utilized a deep neural network, as an artificial intelligence (AI) method. Firstly, the deep neural network was trained with 108 data samples gained from finite element modeling (FEM). Then this trained network was integrated with the genetic algorithm (GA) to optimize geometry of the harvester to enhance its performance in terms of resonant frequency and generated voltage. Our numerical results confirm that the accuracy of the network in prediction is above 90%. Consequently, by taking advantage of this efficient AI-based performance estimator, the GA is able to reduce the device operational frequency from 169 Hz to 110.5 Hz and increase its efficiency on harvested voltage from 2.5 V to 3.4 V under 0.25 g excitation.
Introduction
To provide a sustainable power supply for the low-power electronic applications, the vibration energy harvesting technique, which converts kinetic energy of ambient vibration resources such as wind flow [1] , human motion [2] , etc. to electricity, has been recognized as a feasible solution. In this regard, the ambient vibration can be converted to electricity by electrostatic-, electromagnetic-or piezoelectric-based techniques. Each technique has its own advantages as well as drawbacks. At the micrometer scale, the piezoelectric-based technique has gained a lot of interests due to the compatibility of piezoelectric martial deposition with the regular micromachining processes [3] and their high electromechanical conversion efficiency [4] .
The silicon-based piezoelectric MEMS energy harvesters normally have a high operational resonate frequency (i.e., in the range of 500 Hz~10 kHz) owning to their small physical aspects and the utilization of the silicon wafer as a substrate, which is strongly stiff and brittle. In contrast, the natural frequencies of the ambient vibration resources are mostly less than 200 Hz [5] . Thus, there has been multiple endeavors in the literature to offer the piezoelectric MEMS energy harvesters with the capability of operating in the real environment. Using a big proof mass at the tip of the piezoelectric cantilever was proposed as a practical method for resonant frequency reduction and conversion efficiency enhancement of the MEMS harvesters. In our previous study [6] , the multimodal behavior, which was obtained by using three discrete proof masses at different locations within the MEMS harvester, could successfully reduce the device resonant frequency. In more recent studies, the capability of micro-fabricated spiral [7] and T shaped [8] piezoelectric energy harvesters were investigated. It was shown that such energy harvesters were more suitable than the conventional ones for being utilized in the real environment.
As a matter of fact, the obtained frequency reduction in the prior studies is not that considerable, which means further reduction along with the energy conversion efficiency enhancement for the silicon-based piezoelectric harvesters to make them a better fit for the operation in the real environment is highly demanded. Therefore, in this study a doubly clamped cantilever with a serpentine pattern associated with several proof masses is proposed for resonant frequency reduction and efficiency improvement. Our proposed structure can offer sound features in reducing the MEMS geometry stiffness and increasing the total weight. Moreover, to optimize the performance of the proposed MEMS energy harvester, a new optimization methodology based on Artificial Intelligence (AI) has been also proposed. In this regard, a deep neural network for prediction of resonant frequency and harvested voltage is trained. Thereafter, this network is integrated with a geneticalgorithm-based optimization platform for tuning the harvester dimensions
Low-Resonant-Frequency Piezoelectric MEMS Harvester
The 3-D structural diagram of the proposed low-resonant-frequency MEMS vibration is illustrated in Figure 1 . This energy harvester comprises seven piezoelectric cantilevers, which are connected together by the proof masses. Thus, the overall device can be overviewed as a serpentine cantilever, which is clamped on two sides. In comparison to the conventional clamped-free piezoelectric cantilevers, the serpentine cantilever can increase the device deflection. Moreover, by using seven discrete proof masses, we can provide the uniform mass distribution along the harvester geometry. Consequently, with this structure lower mechanical stiffness and larger overall mass are attained. In the following sections, the capability of the proposed structure in harnessing the vibration energy will be discussed. 
AI-Based Optimization Methodology
In order to obtain the optimum physical aspects of the proposed piezoelectric MEMS harvester in terms of resonant frequency and harvested voltage, the AI-based optimization method, where a deep neural network (DNN) is integrated with genetic algorithm (GA) has been developed. The working principle of the DNN on the decision making process is inspired by human brains. It is categorized as an artificial intelligence technique. In this study, the displayed DNN in Figure 2 was implemented in MATLAB to minimize computation time of the optimization process. As shown in this figure, the utilized network consists of three different layers, namely, input, hidden and output layers, respectively. In the input layer four optimizable variables, i.e., Lb, wb, Lm, wm, as indicated in Figure 1 , can be imported to the network. The hidden layer, which is comprised of seven individual layers, is sequentially made up of sigmoid neurons of 60, 55, 45, 30, 20, 10 and 5, respectively. Eventually, the output layer for reporting the amounts of both resonant frequency and harvested voltage is formed with two neurons. At the first step, the constructed DNN was trained with 108 data sets, which were obtained by conducting the FEM simulations with COMSOL Multiphysics software. Once the network was trained and its accuracy level was confirmed, the GA, which is an evolutionary computation method for optimizing complex problems [9] , was integrated with the DNN. Therefore, the algorithm generates the random numbers for the input variables and their effects on the performance of the energy harvester in terms of resonant frequency and harvested voltage were evaluated within a few seconds. Finally, the GA selects those variables, which can provide both lower resonant frequency and higher amplitude of harvested voltage, as the optimal solutions.
Results and Discussion
To demonstrate the effectiveness of the proposed AI-based optimization methodology, we defined an un-optimized structure, where the optimizable variables (i.e., Lb, wb, Lm and wm) were chosen to be the median values as per their allowed ranges. To improve the performance out of the un-optimized devices, our AI-based optimization method was executed with the population size of 20 and the generation number of 50 for the GA setup. Further information regarding the selection of these two user-defined factors can be found in [10] . The obtained results for the un-optimized (unopt) and optimized (opt) MEMS energy harvesters are listed in Table 1 . In this table, the allowed ranges for the optimizable parameters, which are specified by their design rule constraints, are listed in the second rows. The computed resonant frequencies by the DNN and FEM simulations for the un-optimized and optimized structures are presented in the 6th and 7th columns, while the estimated harvested voltages by the DNN and FEM simulations are listed in the 8th and 9th columns, respectively. From the summarized data in Table 1 , it can be seen that the DNN can estimate both resonant frequency and harvested voltage with over 90% accuracy in reference to the FEM simulations. Therefore, by utilizing the DNN as a performance simulator, we can significantly reduce the required computation time dedicated to the FEM simulations. On the other hand, by this computation time reduction, a larger number of optimizable variables can be testified. Hence, the effectiveness of the optimization algorithm in entrapping the global optima can be further enhanced.
Frequency spectra of the un-optimized and optimized piezoelectric MEMS energy harvesters, which were computed by the FEM simulations under the excitation of 0.25 g, are illustrated in Figure  3 . It is shown that the un-optimized device operates at 169 Hz, while it can generate the maximum voltage of 2.5 V. In contrast, by optimizing the harvester dimensions, its resonant frequency can be reduced to 110.5 Hz, and its capability of the voltage harvesting can be considerably enlarged to 3.4 V. 
Conclusions
In this paper, we proposed a low-resonant-frequency piezoelectric MEMS energy harvester. In order to optimize its performance, an AI optimization methodology based on DNN and GA was proposed. It is shown that the trained network could estimate the device performance with accuracy of over 90%. By taking advantage of this efficient AI-based performance estimator, the GA was able to reduce the device operational frequency from 169 Hz to 110.5 Hz and increase its energy conversion efficiency in terms of harvested voltage from 2.5 V to 3.4 V under 0.25 g excitation.
